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I h i s  =port is e up of two sections. The first section "m 
Consideratiars of Metallic Adhesion Theoy" is to be &Peloped for a 

publication in the mar future. The ldter portion represents a short 

review of the elrperisentd efforts usdenr~  presently, which, in 

@enersl, are directed tcnard the carflnaaticm of the Views expressed 

i n  the thcoreticd mectioa. 



SOME coloSIDIsRATIOloS OF METALCIC ADEESIOIO THEORY 

D. V. 

3JccRonucTIm 

Ihe term "adhesion" 88 i t ' i s  applied t o  metallic systems probably 

involves a nuaber of the s e  phenenological flelds and forces that 

are involved i n  the more ca~~pr)p orgenic and inorganic adhesive systems; 

except for  the cosrpleldng fact that the surface species in  the metallic 

system 18 monatomic i n  behavior rather than molecular or p o l y a t d c .  

As a consequence of this, as well as the verg low oxidation state i n  

which the surface metallic atom flnds itself, the formation of an inter-  

fsce with SOBE shielding species is a higbu energetic event on a 

surface. This is exenplifled by the large value of the heat of desorp- 

1 

t ion of metallic cesium from a clean tungsten surface, e.g. 65 kcal/mole 

(11, or desorption oxygen from sil icon which is about 230 kcal/mole (1). 

Coupled vith chemical systems of this sort, other processes are also 

operative i n  metallic systems; for example, mass transport i n  the form 

of surface and/or bulk diffusion of the interfacial  species; e lectr ical  

energg transport i n  the form of e lec t r ica l  potential flelds of quite 

sizable @tude; compound iornration, maepletic effects, en3 others. 

Durlng solid-solid adhesion the problems of crystallographic orientation, 

defect structures, stress behavior, e l a s t i c  and plast ic  deformation pro- 

cesses i n  the interface area are also involved. Each of these processes 

w i l l  have a direct bearing on the strength of the  junction formed. 

Fracture of this junction, on the other hand, is possessed with numy of 
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these sane problems 88 w e l l  as the mechanics of fracture itself, e.g. 

stl.ess concentration, etc. As a consequence of the complexity of frac- 

ture mechanism, the scope of this study w i l l  be limited to  j u s t  the cze- 

&ion of a simple metallic junction rather than how t h e  fracture of such 

a junctiam occurs. 

Before becoming involved i n  an analysis of the details of the pro- 

cess, let us first clarifv a b i t  of the history of the terminology of 

metallic adhesion and i t s  relationship t o  the metallurgy field. 

tern "adhesion" was most probabu extracted from the area of organic ad- 

hesives (2). In the me&allic field, however, it actually signifies tha t  

two =ta l  masses are welded together by some mechanism i n  w h i c h  neither 

of the masses are necessarily bro-t into the l iquid state. 

welding process is aided either by normal or tangential forces (21, heat 

(31, vibrational energy, or t h e  like. 

been considered for t h e  process, but, i n  all probability, they w i l l  also 

cooperate with the other fields and forces present. 

The 

This "cold" 

Magnetic fields as such have not 

Prior t o  c r i t i ca l ly  examining the  processes w h i c h  result i n  the phe- 

nonena of metallic adhesion some limits ought t o  be placed on the system 

under examination. For example, i f  a metallic system is  t o  be considered 

the surfaces i n  question must contdn a W o r i t y  of metal atoms i n  an ox- 

idation state equivalent to that of the perfect metel-vacuum interface. 

Some authors (4) hsve arbitrarily chosen a surface represented by the 

value of less than 0.1 Paonolwer impurity coverage t o  represent the pure 

case. 

c h e d c a l  section. 

Pre necessity of this limitation is examined c a r e A r l l y  i n  the 

The a t t a i m n t  of such a surface condition for 
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experimmntal purposes is most difficult as has also been discussed by 

numemm authors ( 5 , 6 )  , to  cite a few. Por exaaple, the rate of mono- 

lqyer formation at room temperature i n  a system st a pressure of 10 -9 

Torr is abaut 16 minutes, i f  an atomically clean surface wae exposed t o  

these conditions, the pressure remained constant during t h i s  period and 

that we can assuare no bulk t o  surface diffusion haa teken place. The 

loss of cantml of eqy of these variables maor lead t o  rapid monolayer 

formatian and aa a cansequence a complete chanepe i n  the interface under 

exadnation. 

Although the topic under consideration is metallic adhesion, re- 

ferring t o  two metallic surfaces bonded physically t o  each other due 

only t o  the two interfacial  a t d c  species, we must recognize that the 

oxides, sub-oxides, carbides, subcarbides, etc. that may constitute an 

impurity paonoleyer on a metallic surface can, i n  themselves, play a 

significant role i n  the adhesion process. 

nacity of msny bulk oxides t o  their respective m e t a l  substrates as the 

result of surface oxidation of the m e t a l  o r  as cited i n  the numemu8 

experiments of BenJandn and Weaver (?&I) i n  which adhesion energies of 

metals and various inorganics were studied.' Since the chemistry of 

such species is most complex particularly i n  the small  concentratiun 

which exist i n  monolayers, the.presence o r  effects of these materials 

w i l l  not be considered. 

This is  evident i n  the te- 

The malysis of E t a l l i c  adhesiun may be developed i n  three sepa- 

rete efeses consisting of those attractive forces end fields interacting 

l -  *Also (cf.  pagp 11) HcDareld e% al. 
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between two metallic surfaces befoR actual contact i s  achieved, the 

chemical forces present after forceless contact at temperatures below 

the mstcro-difiusion range, end finally the effects of macro-diffusiaa 

and/or other energy activation processes. 

sidered as physical adhesion i n  a l ight  similar to  that of physical sd- 

sorptioa since the attractive fbrces are expected t o  be relatively we& 

forces due principally t o  l a g  or short range dispersion forces not 

generally associated with the formation of a chemical b a d .  

of these forces i s  limited Awn contact t o  a separation distance of 

about 5 microns. 

generally with the formation of so& form of short range chemical band 

!he first process mey be con- 

The range 

me second process, o r  chemical adhesion, is concenrcd 

either covalent, electrostatic or metallic i n  nature across the inter-  

face with an associated decrease i n  free energy of the atomic species, 

which is larger than 5 Kcal/mole. !he range of consideration is prob- 

ably less than 1OA. 

limitation i n  th i s  case will becoE apparent i n  the mre complete de- 

scription to  follow. The las t  general grouping brings together the 

effects of d i m i o n  processes, mechanical working, radiation damage, 

etc. on a forceless contact. In experimental tests of adhesion a l l  

three categories are probably operative since the true contact area 

f o m d  through the plast ic  flow of the surface asperities w o u l d  expose 

s- regions t o  pure mztal+netal contact under a near forceless contact 

situation, w h i l e  other regions reacted under the influence of the heat 

of plast ic  defoFItrtian md portions of the voids meking up the difference 

between the observed contact area and the true contact erea are within 

0 
The necessity of the temperature and diffusion 
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t he  range of the fields of physical attraction. Thus, eny theoretical 

or experimental examination of E t a l l i c  adhesian ought t o  be cognizant 

t o  the magnitude and effects of all three processes. 

PHYSICAL ADmsIo11 

The physics and experimental evidence of the attractive forces be- 

tween two macm surfaces at distances of separation i n  tk micron range 

have been discussed by Casimir  and Polder ( lo ) ,  Lifshitz (11) , SpanoaaY 

(121, Derjaguin a d  Abrikossova (131, B l a c k ,  e t  al (14) , end revLewed 

by Debye (15). 

processes of adhesion has been provided by Knrpp, et  al (16). 

The application of the dispersion force analysis to the 

A t  intenmdiate distances of separation two parallel  plates ase 

attracted t o  each other by s ta t ic  surface charges, surface contact po- 

ten t ia l s  and dispersion, or van der W a a l  ' 8  forces. 

Sparnaey (E), the experinuzntal elimination of fhe effects of the flrst 

tvo forces are at odds since in order t o  nulify the s t a t i c  charges on 

two paral le l  plates, a circuit must be completed between the two surfaces, 

but when this is accomplished the two surfaces attract with a force (P) 

i n  dynes/cm due t o  contact potential difference which  is given by: 

According t o  

2 

2 2  F - 4.5 x l o 5  (V1 - V2> /a 

w b e r p ,  (V1 - V ), the potential difference is i n  mV and d is given i n  

microns. Since a circui t  i s  complete between two k t a l l i c  surfaces in 

physical contact, i.e. contact Junctions, this equation w i l l  be opera- 

tive in the void spaces a l q  the interface. It will not, however, be 

operative as long as the surfaces m insulated f m m  each other, i.e. 

-5- 
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before contact. Under these conditions the effects of van der Waal's 

attractive forces be- important up t o  distances of separation in  the 

order of m b c m .  hro mathematical analyses of the attraction between 

parallel plates have been presented that, due t o  Casimir and Polder ( lo) ,  

waa based on an epproldmutian of pel.turbakioa theom epplied to the 

electroefatic interactiar of two dipoles, w h i l e  that of Liiahite (ll) 

approached the problm i n  a macroscopic fashion. 

interaCtim was interpreted 88 being through the =dim of fluctuating 

In the latter case, 

eledramagnetic flelds which are alweys present within cnrd in close 

proximity t o  surfaces at all  tenperatures. Since the le&ter work has 

been extended (17) i n  a direction which will influence the interpxt5trrtion 

of adhesian phepop3cna, a more caref'ul. exadnation of the si@f%cant 

parcmwters seems just i f led.  

I n  a him simplified form, 1 .e. "for practical  purposes" (17) , 
and for small distances of surface separgtion, 

length of the -or adsorption irequencies), the force of a t t r a d i a r  per 

o (PI may be repnsented as: 

(less then the wave 

2 

mw' F =  
h2 l3 

where: 

and el, c2 and a m  dielectric constants which &e functions of en 

way freq-q 

(when 6 = 0 )  t o  one 
1 1  

t r i c  constant (Ei ) 

03 = it ,  vu7ing from the electrostat ic  value eo 

(when e = =). 

for real frequencies is known from eqperiasmt, 

If the imaginary part of lthe dielec- 
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cf. refemce 18, the Ei f'unctions cau be calculated irun: 
* ?  

wherc: 

Or €3 Ei = cl or 

and E ~ ,  c2 nfe r  to the solid surfaces, c 

Since the imaginary part of the dielectric constant is a material 

refers to  separating medium. 3 

pameter, i.e. dependent on the number demsity of free electmns in  a 

mpetal (18), the maguitude and behavior of th attractirn is a hmctirn 

of materials constituting the system. For example, i f  both plates are 

of the sape material, they attract each other at a l l  distances irre- 

spcctive of the -dim between them.  The force of attractim decreases 

monotonicdfy w i t h  increasing distance. It is evident frau Equation 

(3) that  i n  the case of dissimilar metals el # c2, certain combinstiam 

will provide a force of repulsion rather than attraction, e.g. ( E ~  - e3) 

and ( E ~  - E ) have different signs i n  the essential  frequency region. 3 
S ~ ~ a l  evidence of these re l a t i a sh ips  hee been pmvided by 

Sparneey et al (12,lb) and Derjagin (13) i n  the form: 

(non-ret arded) As 
6r d 

F r o -  
3 

Bs ""3 (retarded) 
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where: 

F = attractive force 

A % loog erg 

B * 1 0 ~ ~ 9  erg cm 

S = area of surface of flat plates 

d i n  ndcrom 

and the transfer between the non-retarded end retarded l a w  is expected 

(14) t o  occur at a distance i n  the order of the wave length corre- 

sponding to the maJor adsorption of the material. 

experi.mental d e 8  with these equations seems quite good for Quartz 

plates i n  a s y s t e m  under a vacuum i n  the range of 5 x 

The agree=& of the 

Torr. Al- 

thou& tests (12) were attempted between polished chroaaium, c h d m u  

steel plgtes and aldnwn, the data did follow C a s i m i r ' s  equatioa for 

the first two; however, some diff icul t ies  w e r e  encountered with a l d -  

num which  indicated that the e m r s  may be large. The surface oxide, 

for example, was considered as the cause for the small repulsions ob- 

served between the aluminum p la t e s .  

systems i n  which the metal surfaces are without contamination. 

study, however, is uuderw~ CurFently i n  t h i s  laboratory. 

Bo data has been reported for 

Such a 

Debye (17) indicated-that extreme caution must be observed i n  the 

extrapolation of the &ove equations derived for long range force inter-  

actioas f h m  the micron separation distance range in to  the range of 

a t d c  diclmetets since the general f ie ld  considerations used by C a s i n d r  

and Lifbhitz can no larger be considered as due t o  inf ini te ly  small in- 

stantaneous dipoles. Dsyaloehinskii, Lifbhitz end Pit-vskii (17) have!, 
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on the other haud, considered the  van der W e a l  attractive forces for two 

paral le l  plates separated by l i qu ids  at various distances of separation 

and liquids i n  contact with a solid in a vacuum as indicated in Equation 

(2). 

the plafes arc separated by a l iquid Etal .  

 he force of attraction follows a r3 1- at -1 distances when 

Following similar V n t s  the authors have examined the 

van der Waal's system of a liquid i n  contact with a solid plate i n  which 

the  chemical potential of each surface was reduced into two components; 

i.e. th& due t o  the bulk liquid Bnd that due t o  the surface film (cf. 

chemical section). 

the complex dielectric constants and thicknesses. 

ments and criteron for bulk ncmretting and wetting end d c m  non- 

wetting and wetting were developed. 

the observed data for liquid helium were considered reasonable. 

importance of this analysis should not be overlooked in that it provides 

a conmmn basis for adhesion irrespedive of the  nature of the materials 

involved i n  the system, i .e . organic, inorganic, o r  metallic. The only 

requirement of the adhesion system in this case is that the electro- 

chemical potential (Gibbs' potential (19))is constant throughout the 

system for each camponent thereof. 

secttan, t h i s  requirement is of'ten not attainable in some macro system. 

K r u p p ,  Senstede and Schremn (16) ut i l iz ing the LifShitz analysis as 

The l a t t e r  was defined by the basis E q u a t i o n  (2) of 

Based on these argu- 

The agreement of t h i s  analysis and 

The 

As be sha l l  see later, chemical 

w e l l  a6 a s t a t i s t i c a l  Echanical approach as a basis, attempted to  ex- 

tend the -re conservative worhs of Lifshitz t o  macro-solid m e t a l  systems 

i n  an attempt t o  obtain quantitative adhesion values. Although d u e s  
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mtans wem obtained for the iron-copper system w h i c h  ranged from 2-20 7 , 
a mat number of dubious a s s w t i o n s  were Rquired w h i c h  placed the 

an 

quantitative nature of the analysis in acme qusstion. 

analysis would be desirable in which the complex integrations and 

asemions are amre clearly &fined. 

type of analysis is limited to system i n  which only the dispersioa 

forces form the mor baading factor, even though it was applied t o  the 

i ron--COPper s yst em. 

A more rigonrue 

The authors recomze that this 

In suxmmy, it is evident t h a t  two solid bodies separated by e m a l l  

distences of vacuum are attracted by a force which follows a lo3 law. 

The extrapolation of this law to  longer distances, i.e. micron range, 

requires a arodification to e 1 l a w ,  and t o  shorter distances, i.e. 

contact, the added requirement that  the electrochemical poten t ia l  of the 

i t h  conponent of the s y s t e m  remain constant throughout. 

is interested principally i n  t h i s  latter factor, a further comae& seems 

Justified. 

coarponent i n  must, by definition, approach zero; as a consequence, 

excessive error should not be invoked i f  we assum that the =re presence 

of k i n  contact with a provides the conditions necesssry for chendcal 

equl l ibr im in the system, that is: 

-4 

Since adhesion 

In  a perfectly immiscible system the concentration of 

where: 

= electrochemical poten t ia l  of atom b, i n  phase B 

electrochendcal potential of atom b, in phase A. 

-10- 



Under such circuPstances, the cartact potential forces and v ~ z l  der W a d ' s  

electmmagnetic f ie ld  fortxs? are applicable and constitute the fbrce of 

attrrcticm. Awthenrore, one would expect that the hypothesis of I)rrPm' 

and Young as discussed by Z i e r e n  :(e) i n  Eqwtiaw (7) and (8) , 
mspectirrlj: 

Ya + Y b  - Yab 

= work of adhesioa 'ab 

yi = surface tensiar 

would be valid. An excellent snslysis by McDonald end Eberhard (*e) of 

the reletionship of the wo* of adhesion t o  the relative energies of 

oxide fonaation for certain Etals i n  contact with aluminum oxide has 

been provided. 

simple manner, the close balance between the van der Waal's forces and 

the e lectrostat ic  forces at the interface. If, on the other hand, the 

equality of 4ua t i an  (1) is not valid i n  a contact system, the ent i re  

system mey change particul- 88 the system teaqperature increases t o  

allov for surface and bulk diffusion, BB discussed i n  the next s e c t i a .  

The suggested atoadc model  illustrates, i n  a relatively 

CHBMICAL ADHESIOB 

In BD atteqpt to  analyze the chemistry of various processes w h i c h  

~ Q T  occur at an interface, particularly i n  the case of metals during 

adhesion pmcesses, au atomic model  for surface interactions wes 

-11- 
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developed (20 ) ,  since i n  consideration of most =tal systems the state of 

equillbriwn is expected to  be well relaoved from the state i n  qrrstiar. 

That is, I, coarcentrafion and m electr ical  potential gradient will exist 

i n  the system acrosa the interface which 

attainment of total equilibration of We s y s t e m ,  which; in tu rn ,wauld  

be eliminated only upon the 

chrvlep the system t o  an altogether diffelent system. 

Generally, therrodyndcs are u t i l h e d  (21-23) to describe surface 

tension and surface free energy, w h i c h  is adequate for the consideration 

of amst macmphen-a; however, certain disadvanteges of this approach 

Will be- evident i n  the  i n i t i a l  stages of nan-equilibrium interface 

ioraatian and the subsequent difiirsion phenomena. 

Ibe system undcr Consideration is deflned as a nure8 of pure homo- 

Such a s y s t e m  w i l l  geneous sol id  metal suspended i n  a perfect vacuum. 

a l l o w  us to  d e a e  the solid, its surface and the vacuum phase; there- 

after, we can in t rohce  impurities and other surfaces i n  order t o  v i e w  

the resulting effects. Since we are part icular4 interested in the 

solid and its chenges, the standard reference state for a metallic atom 

i n  this system will be represented by an atom i n  a perfect, unstrained 

c+stal l a t t i c e  at 0%. Under sua circrrmetences, it is presunred that  

all lattice sites are a l l  occupied and can be represented by one of 

the standard point gmups. For a flrst approximatioa, the existence 

and consequences of l a t t i ce  defects i n  this system w i l l  be neglected 

even tho- their cansequences mey be included i n  such a model. H a t e  

should be taken that this approach is i n  direct  opposition to  the usual 

fbrpulrrtion given by physical cbemdets in which the free gas atar under 



zero flelds and forces is taken as the staudard state. The convenience 

of the stauQrd butk atam will be apparent when alloys are considemd. 

me .n.r(~r of an rtaaa, in this solid system i n f i n i t e l y  rwmved fmr 

. 

This energy value represents the total energy of the Stoa per 

the surfaces, is coasi&!red as (4) or the a t d c  standard state of 

-tal &. 

unit 

metal in question where (a) is Avogadro*s Bumber. 

would h8ve t o  add the heat of sdllmation t o  an atom i n  this stendard 

s y s t e m  t o  place that atom in the vapor state. 

be h f e r n d  to th is  state. 

1.e. % woad represent the standard mlar energy of the 

For example, one 

All atomic energies will 

L e t  us nov consider a linear chain model (24) of 811 equilibrium 

metal surface fbrmed by a perfect vacuuwsolid interface of a simple 

cubic netal such as that i l lustrated i n  F'i- 1. 

portion of the solid s y s t e m  w i l l  exist i n  the  vapor state, according t o  

the laws of the vapor pressuxe of Aj some portim i n  the h i ae r  energy 

surface lqere  w h i c h  are! described by Gibbs (17) which is represented 

by a spacing between the atom and the remainder sa m e t a l  i n  the standard 

state. 

p k i c u l a r  crystallographic direction (ww) which is  normal t o  the 

A t  equilibdwn 8- 

lbe Wue a. represents the un i t  cell paremeters at 0% of the 

surface plane. 

tative of all forces, physical end chemical, di rect iaml or non-direc- 

tional, the errergy ve4lue wlll represent the chemical binding forces 

which, to  a degree, am directianal 88 w e l l  as the s t ra in  energy forces 

which arc set up due t o  the lack of nearest and next nearest neighbors 

in the surface plaae. Became we have chosen the standard etarte BB a 

Since the energy values t o  be discussed are represen- 
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bulk atom which experiences attractive a d  repulsive forces f r o m  all 

directions in the crgetal, the  removal of a portion of these forces t o  

form a surface at-, inmediately places an unbalanced force on the 

surface atom which I s  t o  be accounted by a redistribution of the elec- 

tAm orbitals starotrnding that &om. 

ized &om which is at equilibrium with the system, but is somewhat un- 

like the bulk atam. Ibe observation and effects of this polarization 

have been discussed recently by f i e r  (25) and W a l l i s  (26) uti l iz ing 

f'ield evaporation techniques and studies of the I)ebye-Ualler factor i n  

surfaces, respectively. 

mghn for the present w i l l  have t o  remain ambiguous as indicated by 

Park and Farnsworth (27); hovever, i f  ve assume that these dislocated, 

or  strained, a tam extend t o  three o r  four cells below the interface 

befbre the characteristic staudsrd state is achieved, an excessive error 

In effect, we have created a polar- 

The depth of penetration of this "disturbed" 

not be introduced. 

that no excited st&e compounds are formed i n  the first 

the sol id  such as those formed i n  germanium (28,29,30) , 
and carbon ( 3 0 ) ,  and tha t  the energy from the surface aton 

to the bulk state is a continuous function with regard t o  position fran 

the surface, &e atomic model can be placed i n  graphic form as shown i n  

F'igruo 2. The graphicsl form suggested is not unlike that  presented by 

Davies and Rideal (3l) i n  their description of a water4il interface or 

that ut i l ized by Ehrlich (32) in his  descriptions of adsorptian phen-a. 

The change in energy (ex) represents the atomic heat of subUmation 

at 0% end (#-E?) represents the heat necessary t o  excite a bulk atom 
S 
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f ran the standard state t o  a surface site. 

represents the high energy sites possible i n  the surface itself, e.g, 

edge, comer or plsner i n  ascending order of energy. 

The rauge depicted i n  

Rte curve # to represents the chaage i n  energg (d $L/d6) of au 
0 

ator es it is moved from a ful ly  ccmdensed site on the surface t o  the 

standard state. The total  area under t h i s  curve! (hatched) =present 

the t o t e l  excc~8 energp (a,) in the l i n e a r  system due t o  the presence of 

tbe surface. 

the surfam energy due to the surface gtosss done since it sctua,lly con- 

W e  should be taken that this value is not the S ~ I W  88 

SfifPts8 8 t h r e e - d i a e n S h I l d .  &-: 

since ve have t a e n  the energy v d u e  <EA) t o  represent the to t& 

energ)r of the atom, the surface energy (y )  of t h e  (100) planes of t h q  

whole so l id  i n  a simple cubic system can be represented by the equation: 

- 
'100 - '100 'T 

where With 

the description thus far ,  it is apparent that  as the crystal  structure 

of the sol id  changes, e= to  body-centezled cubic (bcc) f r o m  the simple 

cubic, just  described, we W i l l  have t o  mdify Equation (10) since the 

(100) planes of the bcc la t t ice  involve atom with two different gecnae- 

tries i n  the packing normal t o  the (100) plane. The dange i n  packing 

Will change the poeifion of the (ao) value in relation t o  the surface 

which, in turn, will produce two different uT values for one surfece, 

is the  number of atoars per square per square centimeter. 
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In such a case, the total surface tension w i l l  be: 

where the 5 deeieplates the cube edge packing and the y the body centered 

padring. Therefore, as the crystallographic direction is changed, the 

surface plene in question, a t d c  spacing, and numbe!r w i l l  also change, 

which i n  turn will modirp the  shape of the energy curve 8 i l lus t ra t ing  

the different d u e s  fir the surface energy for the respective crystal- 

logrsphic. directioas. The d a t i o n  of surface energy with crystal- 

lographic direction has Been discussed by a number of authors (23,33, 

34) 

Another point which to be mentioned at this t i m e  is the  fact 

that  the surface energy of a solid is not a simple two-dimensional 

problem involving just the flrst layer of atoms. 

limitations on an estimate of surface energy values which should be con- 

sidered as the sunmation of t h e  f irat  layer excess energy plus the 

energy of the subsequent subleyers,which are also in an energy state 

above the standard state 88 indicated by Dzyaloshinskii e t  al (17) 

The limitations of which I speak are the suggestions that the surface 

energy of a laetal muat be some simple fraction of the binding energy 

(35.37) whereas in real i ty  the surface energy i s  an excess energy i n  

three dimensions of a region of atoms above the  standard binding 

energy. 

i n  the surface lapr only tells a part of the stow. 

values of surface energies observed end discuased recently by Frunklin 

(38) tend t o  bear out this interpretation. 

Such a model places 

As a consequence, a simple summation of b e e n  band energies 

Experimental 
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If the  energg (e) is considered m a potential i n  t h e  Gibbs sense, 

one immediately questions the state of equilibrium of the system we have 

just  defined since the potential at the surface is nut equal t o  that  i n  

the standard state; and by deflnition, these must be equivalent at equi- 

librium. 

i n  the chemical "intuative" sense in real i ty  is only part  of the energy 

involved; and the electmchemical potesMal equivalence requiremakt for 

equiUbfi-u= is coneerrred with all of the potentials i n  the  whole system. 

Therefore, i n  the proposed =del, i f  we recognize 

mately the change i n  chemical potential (excess due t o  the surface) of 

the s y s t e m  in qmstion, we also must recognize tha t  a similar curve for 

a chsnge in the e lec t r ic  p o t e n t i a l  must exist t o  d n t a i n  a constant 

electrochemical potential throughout the system. The change in e lec t r ic  

potential st the surface is coincident w i t h  the valance bond and not the 

Fermi level as is i n  conmnn usage i n  solid state physics as indicated i n  

curves presented by Handler (39). 

further, l e t  us erandne t h e  changes i n  surfaces w h i c h  might alter the 

mdel 

The ermr is rectified S f  ve realized that the energy described 

value t o  be approxi- 

R a t h e r  then probing these aspects 

Pirstly, let us examine the chsrages which take place i n  our dia- 

gram if we consider a materiel such ae diamond, which has a surface 

crgstal structure (30) different fmm that of \the bulk. Germauium and 

sil icon demonstrate similar phenamena, but are less convenient since 

crgstal modifications are not known. 

diamnd surface i f  the dilunond structure projected t o  the vacuum-eolid 

interface. 

F'im 3 would represent the 

Under ouch circumetances , th i s  w a d  represent an extremely 
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energetic system since t h e  u n s h e d  electrons of t he  surface atoms cannut 

readily form in-surface double bonds due t o  the geometrical arraWeEBnt, 

and also are unable t o  find available sub-surface sp orbitals as these 

are full. Thus, t o  relieve the s t ra in  set up i n  this situation and the 
3 energetic favorability of the diamond-graphite transit ion,  i .e. the sp 

3 

shift, a new surface phase i s  created which i n  turn must possess an 

interface with the original diamond structure. A diagrm of this s i tu-  

ation is shown in figtare & in =hi& +&e ezergy h s t  by the trsnsition 

in the surface layers would be t he  difference i n  the area under the 
GRAPHITE) diamond structure curve (ES D-'D) and that under the (Es 

curve. Since a graphite standard state is unlikely i n  such a thin layer 

the  BsGRApHITE does not extend t o  the standard state value of graphite 

(EoGmE). The hump i n  the latter represents the graphitic-diemwd 
dw 
dA in te r face .  Since the w o e  t o  create a new surface (-1 incorporates all 

of these changes, it would not seem invalid t o  presume that as a surface 

cleavage is propagated i n  a perfect vacuum, part of the energy of propa- 

gation goes in to  the activation energy of transit ion and the new surface, 

though not at equilibrium, w i l l  no longer represent the structure w h i c h  

was fhctured. 

lographic species t o  the vacuum interface which are different from the 

Silicon (29) and germsnium (29,301 also present crystal- 

ol lg inal  standard state structure. Whether o r  not more than one modi- 

ficatioa of various metals might be expected, i s  not huwn a t  this time 

as none have been reported. 

The reversal of the above process in the case of carbon w o u l d  

appear t o  be unlikely since it would c a l l  for a reaction similar t o  the 
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inversion of the diamond-graphite transit ion,  w h i c h  is not cmly energet- 

ical ly  unfeasible but rather difficult i n  a kinetic sense as demonstrated 

in the manufacture of rynthetic diamonds. However, in the case of 

germmi- end silicon, the surface forms are not known t o  be chemically 

stable caaqpmds; therefore, the revemal mey nat be as mlikely as that  

i n  the cese of carbcm. 

rbrnemics. The difficulty arises from the -parent necessity for the 

use of a -adient t o  describe the chemical potential of the atoms in and 

near the vacuxntiaolid interface. 

The redistributicn of the so-called "dangling" bonds of the surface 

atoms as described i n  the carbon case, poses an even more complex 

problem i n  the case of metals  since discrete orbi ta l  configurations of 

the  atam end band structures of the so l id ,  as proposed by Goodenough 

(40), may only be hypothesized. Utilizing these interpretations, how- 

ever, in conjunction with the unit cell measurements provided through the 

reeults of low energy e lec t im diffraction measurements, some insight 

mey be provided. 

exposed at a ( l l l )  nickel surface were t o  be acconumdated only i n  the 

For example, i f  the unattached & 8, and E electrons 

orbitals of the xy plane of the surface, one would expect measurable 

adjustment of the u n i t  c e l l  paremeter i n  those directims which, ac- 

cording t o  M a c R a e  and Germer (41) , was not observed. They did report, 

however, an expansion i n  the lattice of about 5% i n  the direction 
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nomud t o  the xy surface, 

latter was caatended by Park and Famsworth (15) 

mechauiam of interpretation remains open for further e d n a t i a r .  

Another modification of the vacrtue-solid interface is caused 

t h r o e  the sorption of a foreign species on the solid swface. 

s i q l i c i t y ,  l e t  us cmsider the monolayer adsorptioa of atomic oxygen 

aa a surface of m e t s l  A and t h a t  A0 is the only stable oxide of metal A, 

i.e. neat of fomation o r  the old& is exo thedc .  

diagram t o  the right i n  Figure 4 illustrates the surface of A and its 

original surface energy, the area under the curve f r o m  e t o  the stan- 

dard state q. For the gaseous phase the standard state is represented 

by (E:), the molecular vapor state by (E:) and the vapor atomic state 

by (E:,). Upon interaction w i t h  a surface atan of the m e t a l ,  both the 

energy of the oqgen and the surface metal atom are decreased i n  approach 

t o  the stendard state of the (AO) campound. This valm is not attained 

because the combined pair  on the surface do not constitute the compound 

standard state as defined, i.e. inf ini te ly  removed from a surface and the 

OXide,even i f  it were perfect would have an interface with the vacuum. 

In  effect, the surface compound - A0 is i n  some excited state due t o  the 

lack of ordered nearest neighbors which would be found i n  a bulk system 

of AO. 

relieved by the chemisorption since s t ra in  between 

ist, and that the desorption energy of & also includes the excitaticm of 

the surface 

vel- 

Although the experimental precision of the 

a later me, the 

Por 

Nain, our basic 

One should note th& the surf'ace energy of Ahas only in part been 

and A w i l l  s t i l l  ex- 

at- back t o  i ts  nude site i n  the surface. The equilibriun 

might eventually be attained i n  the surface leyer i f  sufficient 

-23- 



owgen were present and diffusion allowed t o  progress t o  a point when? 

purp single crystal A0 could exist. 

suapfion of A and the movelaent of the strained interfacial  zone i n  A 

toward the redon of pure A at e. 
This could only occur w i t h  the con- 

The caSe of abtal monolayer adsorption as presented i n  the adsorp- 

tion-desorption energetics of silver fh-01~ silver, molybdenum and nickel 

surface provides some verg interesting relationships between surface 

are pertinent: 

5 
2.90 ev Silver Surface (42) 

Molybde!num Surface (43) 2.2 ev 

Nickel surface (43) 1.55 ev 

w h e r e  (5) is  the heat of desorption of silver from the  indicated sub- 

strate. The data suggest that the s i lver  atom is more c lose4  held t o  

the  silver substrate than the substrates of molybdenum and nickel w h i c h  

seeme t o  be i n  conflict with the atomic model of owgen sorption w h i c h  

was j u s t  discussed. If, however, we consider that neither nickel nor 

molybdenum form any intermediate phases or solid solutions with s i lver  

i n  the bulk sol id  s ta te ,  and work m u s t  be done on either of the two com- 

ponent systems t o  pmduce a mixture, the desorption data do indicate that  

the s i lver  atom would prefer t o  leave the mlybdenum and silver s y s t e m  

more readily than the silver system. Continuity is regained. The heat 

of desorption of gold from a aolybdenum surface i s  given as 4.2 ev (431, 

which i 6  i n  excess of t h a t  value when a gold eurface is involved, i.e. 
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heat of evaporstiao of gold i e  3.92 ev (42) 'Iheee date suggest that  a 

loss i n  enem takes place when gold atom enter the mOlyb&mnn system, 

w h i c h  is ccmf'il.lpsd inrm bin- pheee data (44). 

In  effect, it is evident f r o m  the desorption data jwt  presented 

that a ftee silver atom or Planoleyer f i l m ,  on a nickel or mlybdenum 

subst&, is uustcrble with respect t o  bulk silver; and i f  diff'uslan 

permits, the thin layer or stam will a t t m t  t o  reduce the o v e r a l l  

-----w r u r - 4  a IIYLIIL) V I  ~ e a s t  surface BFea m e r  the influence of 

the contact potential and van der Waal's forces elso pmsent in the 

ayetea. 

librium must be achieved by flxing the electrochemical potential  constant 

thmu@mut the tbrce phases; that is, 

onrr- k ---- -a .)- 

In  the case of the gold at desorption teaperatures, an equi- 

- vac - surface - - bulk 
v A l l  *b -All 

which requires a larger energy of desorption since BP at t ract iaa  be- 

tween Au end the matrix is evident. 

If this. model i s  correct at t h i s  point, we can readily see wby a 

sess i le  drop of one m e t a l  (A) would not spread 061 a second metal (B) 

even though the surface energetics (ya < yb) s e e m  t o  be favorable and 

the formation of a monolayer of A on B substrate i s  possible. 

indiumt-al-num system has been studied (45) under these conditions and 

seem t o  f b l l o w  the proposed mechanism. In the consideration of immis- 

cible systems of this sort, extreme care must be ut i l ized i n  the defi- 

nition of the inmiscible phases with regards t o  the percent solubi l i ty  

at a speciflc temperature since most i d s c i b l e  phase systems Will, at 

Ihe 
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solme teqerdure, beconre miscible. 

Due t o  the extreme difficulties i n  attaining larm nunibem of re- 

Uable desorption e n e m  data of various metd atoms fkcm v d o w  rmstel 

substrates in the absence of interfering impurity reactiaas, the W e  

necesssry t o  ertend the xelationships into other -tal system is 

not svailable. 

t o  substantiate an interpretation of this type. 

The data fmm other inorganic reactions, harever, seem 

Ef;;ce t t  3xiiia%ion or 6estrucf;ion of the vacuum-eolid interface 

by means of a second sol id  body does involve the conditions of the free 

vacuum solid interface per se, the proposed model w o u l d  have to  be in- 

valid i f  caatinuity were n& maintained throughout such interfaces. 

us next, therefore, consider the formation of a grain boundarJr by two 

m e t a l  crystals of different crystallographic orientations, i.e. surface 

energies are different but the standard states i n  each case are the same 

since the standard state was defined as a volume energy. 

contact at 0% as illustrated in Figure 5 ,  we will have a non-equi- 

Let 

@on i n i t i d  

librium situation i n  which the surfaces are held together by dispersion 

forces snd sane atomic bmding only when the particular interfacial  

atom em eligned properly to  u t i l i ze  their  neighbors' atomic orbitals.  

This could be considered as m accidental alignment, whereas af'ter 

surface diffusion is allowed t o  take place the system Further reduces 

i t a  energy 'by readjusting the interfacial  &oms t o  suit the new nearest 

neighbor field, which has replaced the vacuum phase and in turn reduces 

the s y s t e m  energy t u  a ndnimum. Since the atomic arrangement is 

different in the new phase, solge st rain energy must remain i n  the 
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interfacial  regia to  account for this. It is interest ing t o  note that  

tbie aescripfim coniorae to  the faBlous work of adhesion (w,) equation 

m m t ~ d  10 ~(IPQ .(PO W D& (47) u 8- in EQustim (7). A 

portion of this interfacial energy cam be represented bp E de*& 

stnrcture rodel baaed on the original arguuents of this model; however, 

Qw to tw llalt&ions, we shall not caneider the effects of defect 

structure in this discuesion. 

To t h i s  point, the proposed model of a surface has been desigrred 

to coordinate with known phen-na end reexplain nrechanisnm which have 

been discussed and accepted by many authors. The next obdoue step is 

t o  expand this -del to  include E eolid-solid m e t a l  adhesion interface 

between two dissimilar rfals aa that which might eds t  i n  avapor . 

plating experimznt. 

Caasider the effects  of two bulk m e t a l s  A and B i n  contact which, 

under equilibrium conditions, ionn only one intermetallic c o m d  (AB) 

by an exothermic process. 

plleviow e-les, we can dnrw an energy diagram fbr the instant of 

contact as shown i n  Figure 6 i n  w h i c h  the standard states of pure A, 

pure B snd pure AB are designated as e, e, and e, respectively; and 

the surface energies of surface A and B atome are e and <, respec- 

tively. 

facial  campornrd t o  be i n  a t rue state of equilibrium (e) due t o  the 

lack of thickness of the campound and t o  the s t r a i n  of orientaticm with 

each of the original phases. 

assuming ideal f o k l e s s  cantact of planer eurfaces 8% E temperature i n  

Following the pat te~ns set down i n  the 

As i n  the case of the sorption, one would not expect the inter-  

A g S i i w e  mELBf =member thd we a m  
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w h i c h  surface diff’Usion may be involved; but, bulk diffusion is  not 

concerned. 

me v a d i t y  of the -14 equation in a ayatem aut211 as this is 

sti l l  correct i f  the broadest of definitions for the interfacial  energy 

are accepted and the recognition that the use of equilibrium values axe 

no longer meaningArl is made. 

Before we leave this t%aijram, le% us first analyze what we might 

expect of such a system if the temperature w e r e  increased t o  a point 

which would a l l o w  bulk diffusion. In order t o  simplify our discussion, 

le t  us p r e s u ~  tha t  a molar mass of A i s  equal t o  tha t  of B and that at 

system equilibrium the ent i re  mass w i l l  be at e or thereabouts. In 

effect, we are asking for an energy decrease of (e - Eo) for  the ~ R S S  

of B and (p - 8) for  the mass of A. 

driving force for diffusion toward equilibrium; however, in the me- 

B 

This constitutes the t o t a l  
0 0 

chanics of attaining equilibrium A and B atoms must be excited over a 

s t r a i n  energy barrier and diffuse through the mass AB before they can 

get together t o  expand the zone of excited AB. Due t o  the differences 

in relative steadard states, diffussbil i ty through these fields and 

gradients and the simple geometry of the system diff’usion across such 

an interface is capable of some very interesting phenomena as demon- 

strated by the observations in Kirkendall type experiments (47). For 

example, voids on one side of the interface be created by one of 

the atoms diffusing out of that region and not being replaced by its 

counterpart. 

is created ea observed in SOBE of the experilaents conducted by McEwan 

After a period, these vacancies may accumulate and a void 
e 
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and Milner (48). 

interface" is i n  effect a very sharp chemical gradient wel l  removed from 

ori&kL interface. Thus, the events in and aro\md such a diffusion 

Another occurrence which has been called %antan0 

interfew are characteristic of the  particular species and mst d i f f l -  

cult t o  predict except by direct observation. 

Based on th i s  model, one w o u l d  then predict that the strength of 

the chemical bond across an interface to be a function of the nature 

nf thr =@Z$d-zii =Z=es ii'dch can occur -wtween the two xmtals =der 

ideal conditioaa. Thus, one could assum that the composition gradient 

acmss an interface region could be represented crudely lqr the phase 

diagraaa of the components at that particular temperature and the 

8n10unt of phase present restricted by the ab i l i ty  of the pure species 

t o  diffuse through the interface region. 

Ihe existence of the chemical potential gradients i n  such metallic 

interfaces are most apparent as are the electr ical  potential field 

counterparts, particularly if the coupling of these t w o  fields are con- 

sidered, e.g. contact potential differences end the gtneral phenomena 

surrounding the thermoelectric behavior of materials. 

of chemical and electr ical  properties of send-ccmductor interfeces such 

as the epitaxial  interface between gennauirna and sil icon, indicates 

tha t  the proposed atomic model is  consistent with experincntd obaer- 

vations (49). The interface between s i l icon and errrrVrius v t 3 y  

accepts the 41 difference i n  la t t ice  eiee aa oa i n t e r i r c i d  strain 

energy, mch in turn sifects the shape of the cmductioa and valence 

band in the in tc r f rc ia l  ngion,  

Ihe e d n a t i a n  
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E e x t  to  be considered are metal couples such ge silver-arolybdenum 

or silrer+tickel interfaces which are immiscible a t  the temrsture range 

in question. ' I h a r p o ~ d c a l l ~ ,  mdsr ideal conditionrr, them E l y r r t e r r  

=quire vol)t, or enerm, t o  f i r m  mixed phase or to  permit diiitrsion t o  

take plrce. That is, the hypothetical drture ha8 a JP value p a t e r  

than either 

cbcaical b a d  8 c m s  tbt interface is greater than the e n e r a  lost in 

or RE. If the anunmt of work necessary t o  crearte a 

s-h.=fh= ~~~~ bc=-e, &L-- 
S A  S 

U C U  A b  AB a y Y a r r Y b  b&b sed ----A A- A 

should io- and in the i d h 3  si tust ion strong boPding of the two bulk 

sectiom should not exist. W i l l  contact potential or van der Wml'e 

C d & ?  Thi8 fS difficult t o  pl.tdiCt fbr m t d  8-b- & -8 

t i m e ,  a8 indicated in the g ~ v i o u e  ~ e c t i o n ,  for  we hare no experiamntd 

verlflcation of the t i e ld  forces in between pure r e t d l i c  surfaccce i n  

contact. Under certain conditions, however, ow could imagine a cam 

i n  which the interface was mechaaically worked to a high de-, and 

t hw by increasing the enem u t e e u  o? the surface & a m  to p i n t  

such that interface formation would be anergctiaally fercrible Y in- 

dicated in the following section. 

T&e atomic rodel mpmcnt ing  the -&d, t .s+ol id mid 

solid-solid interfaces discuastd above, must be comsidcred only a8 

iirst approximation to the actual eventm that take place at inter- 

faces since only a \mi-dirtctiaml aochl has been e d n e t d .  

team of surf- diffusion, increased bnad utmn#th in t b  xy plane 

'PtK eldm- 



arsp one speciflc n m h a a i s m  or praperty =der considerstion. The purpose 

of #e propomd a d e l  wao to establish a conmmn denominator fir SWface 

pbxmmna in that whih coneidering OIW particular eqparimnt, the in- 

vestigetor is not spt t o  lose sight of the siailaritier that exist with 

other surface phenwna. An extraplatian of this model into the ener- 

getics of vacancy forration and roadensstion as well a8 surface plpper- 

t ies of ultnr-iine particlea is underway with SOBB de- of success, 

Ihc effect6 of tempratwe OLL a theorttical adhesion system vaa 

=viewed i n  the preriorre section3 however, the possible effkcts of 11b- 

Weal working and other rechardem wEich mi@t raise the general 

level of the interfacial cnergy, have not bean discus8ed. 

siderhg these as a Cpnerrl cam, a degree of insist is provided 

throu&h a redew of the macro-adheeiotl cxperlments, vhich have been xe- 

ported in  the literature. 

studies in the f ie la  of povbr netdlurglcrl pmcessess explosive 

bondin69 v~nnn friction md outer opmze lubrication otudles, 8 COR- 

Before con- 

Alth- there are a nuaber of related 

p l e k  review of these aspects at this time would actm byand the scope 

of this pager. 

Since the cantribtxtiolu of the’SurireQ m i c a  and Chemistrg 

have probmbly produced the rort extmumtlve rt \ tdico &E tbe are8 of s a l i d  

adhesion, let ub first axrdne their fnterpretdiam. b e d  upon BO= 
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than thirtq years of h l c t i o n  and adhesion studies, they conclude that  

d e l s  W i l l  adhere unless adsorbed gas f i l u m  and oxide surface impUri- 

ties interfbrs with the contact of the metal substrates or when the nor- 

m a l  load is released the released elast ic  stresses present in  the inter- 

facial -a are of such magnitude 88 t o  rupture the adjoining inter- 

iscial welds. lhat is, adhesion of clean surfaces is  pmportioaal t o  

the normal load end independent'of the size of the bodies i n  contact. 

*Le% us e-e tine cieeniiness of the surface and its effect. 

Figun 7 depicts the appearance of a typically polished mtel according 

t o  Samele (SO), which has been modified t o  include the sorbed &ea lay- 

em. 

contact ere separakd by &ss layers end/or oxide layers, The substrafe 

metal atom3 rarely affect intimate contact. As the load is increeeed, 

the fracture of the oxide and consumption of the sorbed &es on the ex- 

posed m c t d  amas increases the probability of metal-metal contact. 

laturally, surface irregularities , asperities , during s l ip  may -her 

increase this probability even under law loads. 

Accordingly, metals in a polished condition under a small load 

The effect of surface cleanliness on the coefficient of friction 

was & m t r a t e d  by Bow&n's group (2) and is abnwn i n  Fig\rrs 8. The 

caf'f'icient of ir iction ( p )  reflects the adhesim effect i n  that p is 

regarded as a sum of mechsnical force of ehear due t o  surfece ro~~@mess 

plus the fbrce of shear of c&act welds. 

wen Pt, 

TacuItl of 10-8 TO=. In t h i s  ret of eqperirenta, platinum v u  tise 

- ta l  t o  o h o ~  caoplete seirrum (12OOOc) without f lmt  clearing t k  

I n  this case, the contacts 

and H i  which had been degersed rrt VIFiow temr8-t-e in d 
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Figure 8 
Room Temperoture Friction Af tw  
Voriou, Outgassing Rocedures 

Bowden (2) 



surface by a gross evaporation process. 

Bowden contends that the effect of tangential stresses i n  the con- 

tsd are8 are d.mst as signiflcmt es the surface cleanliness. For 

example, the coefficient of adhesicn, i.c. the ra t io  of the adhesion 

force t o  the junction foradng force for simple clean arefd.8, i e  about 

one t o  four, while the ra t io  is much greater than th i s  when a tangen- 

tial stress is imposed on the system. 

L e t  us exandm n- of ths Getdl:: ~i $*act:= gm-tu,+3i -a&r %be 

influence of the combined stresses. 

=tal sample into a flat =tal  plate (aa shown i n  Figure 98) with a 

load (W) t o  create an impression of dieaaeter (do) is related t o  the 

yield pressure (p) of the plate thm- the equation: 

'Ihe impression of a hard spherical 

W = 1/4 dzp 

If the load is  removed, the  sphere and the plate w i l l  recover elseti- 

c a l l y  as shown i n  llygure gb, 80 thrrt, according t o  Hertz, the radii 

w i l l  be related i n  the following w a y :  

whem E is Young's Modulus of both bodies and Poisson's ratio is 0.3. 

The assumptions necessary for such mo&l includa: coatact over limlted 

area; metals welded together in small bridges; t o t a l  croso-ctctfcm 

-8 proportional t o  load o r  i f  no xeleseed stresses are pn8ent 

(force t o  break bridges). 

However, i f  e las t ic  stres8cs are released contact radii of the 
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indenter and the indented W i l l  change, and such stresses W i l l  i n  turn 

subject the weld bridges t o  an enoFpIDus tensi le  load causing the i r  frac- 

ture if the material is not ful ly  ductile in natura. 

model using plast ic i ty  theory, Bawden has M e r  shuwn that the ra t io  

of the adhesion w i t h  the application of tangential stress (0) t o  that 

under static conditions (a,) is relgted t o  the cube of the re t io  of the 

contact diaarters, respectively, and t o  the tangent id  stress coeiri- 

cient ( p )  BB shown i n  h-uatian (2): 

erpeading th ie  

where a is an enqpirical constant. 

Figurs 10 a c h  apees reasonably well with the obsemd data which is 

not - shcrwn i n  &rsph. 

observed data 1w shown in Table 11: 

Equation (14) i s  illustrated i n  

me s t a t i c  coefficients of adhesiar (uo) fbr the 

TABIg I1 

Coefficients of Adhesion 

Gold o .62 
Platinum 0.45 

B i  &el 0.30 

Silver 0.11 

The empirical constant (u) was 3.0 i n  a l l  cases. Pure Etatic adhesion 

values were not used because the accuracy of meseurements were too law 

and very susceptible t o  imrpuriQ lsyers. 

One of the  other more interesting contributions t o  the nuxhaaism 

by Barden's group is the effect of temperature on adhesim couples. 
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Utili t ing static loading of clean platinum surfaces at about 730°C, they 

observed that creep is  =re significant i n  increasing the  contact m a  

than pu.6 diii.ruioaa at the interface than otbr mdma of PIua transfer. 

Figure ll phsents  the change i n  adhesion coeff'icient as a ti= effect. 

!kmperatares i n  the range of 0.5 T - 
nealing the work-hardened "bridges"; and as a consequiace, increase the 

adhesioh strength. 

also should have an effect by en- 

Iii s-.lmiiiwi ol" tiic work at Yne Caven6ish Laboratories which OD- 

Viously is directed toward dhesion as it affects the  pmcess of fric- 

t ion,  we can sw that  two Wor factors influence E t a l l i c  adhesion, 

e.g. impurity fslme which prevent aetal-metal contact and excessive 

e l a s t i c  iorcss vithin the contact area which,  when =leased, tend t o  

rupture the adjoining briagt welds acmes the interface. 

adhesion can be represented by a coefflcient of adhesion which is about 

equal t o  one unless tengentid forces are present and then the values 

m y  be much larger than one. Micro-anaIysis* of the systems are not 

considered in detai l .  

Furthennore, 

The egpplication of extreme tangential or rotational stresses by 

forcing two large specinens of pretal together either by compmssional 

loading, punch-bonding o r  mll ing ndll orethods can be interpreted 88 

an extension of Bowden's work on elctrelkly srasll t m w n t i a l  stresses. 

In effect, the macro contact forces are used t o  'break up the gslr-oxide 

interfece in E m e r  such that the under- aetal phases are worked 

into a position of clean -tal coatact. 

tributed i n  t h i s  f l e ld  md au exmination of the drta on tvirt-campnesion 

Two -or grotrprr have am- 
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bonding by t he  Bell Laboratories group (51,56) and roll-bonding by 

Industrial Meta l l -  p u p  (57,62) at the Univereity of BiFmLnghem will 

provide s01llh insight in fo  the metallurgical factors which w i l l  be of 

concern mce the m e t e l  atoms at the interface are brought into contact. 

Sikorshi% apparatus for twist-compression (51,53) is quite similar 

t o  thd previously described by Anderson (54,56) and consists of the 

compression of a quarter inch metal rod into a 1/4" OD x 1/8" I D  tube 

rl" 

pression junctioa. 

adhesion (MCA) w h i c h  consists of a s t a t i s t i c a l  analysis of a number of 

runs on the S(P& metal pair. Again the coefficient of adhesim is  the 

r a t io  of the iorce of adhesion to the loading force. The large scat ter  

of individual data points is expected due t o  the extreme interface w o l h  

perfornred i n  attaining a large percentage of metalaretal contacts; how- 

ever, the =an coefficient of adhesion produced from the final analysis 

of a l l  the data points for one netal-metal couple is said to be repm- 

ducible t o  about 2s. On this basis, the relationships fram m e t a l  t o  

=tal should provide a 8-6 comparison of what should be expected i f  

adhesion were perfo-d under mre ideal conditions. 

are formed under the conditions of extree normal and tangential forces, 

the condition o f t h e  i n i t i a l  surfaces has l i t t l e  effect  on the outcome 

of the experiment, unless, that  is, heavy grease residues are pmzsant 

which act as a lubricaut for the system. 

is the usual practice. 

forces are cepable of rupturing and distributing the oldde md gam layera 

aid further appiying a torque o r  a l&" twist to the com- 

The data are recorded as a median coefficient of 

Since the junctions 

Simple f i l i n g  of the surfaces 

Essentially, as long as the twist-campression 
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iron-silver system (immiscible) was found t o  be 0.006 while that  of the 

copper-aldnum system (miscible) was 0 .do. 

In  conclusion, we have seen a confirmation of the necessity of 

surface cleanliness plua the additional effects of crystal stxucture, 

hardness, oaclting point ,  surface energy, and composition on the ability 

of an adhesion weld t o  form between two mtals. Before we attempt to  

accumulate these various factors under general  headinge and analyze 

cr i t ica l ly  their ramlfice;tions, l e t  us examine one other major effort 

in this area t o  e d n e  some of the other Eta l lu rg ica l  effects. 

The gmup of researchers under Milner aud Rawe (61) have been 

exaadning an adhesion system similar t o  th& of Sikorski's i n  that the 

m e t a l s  are forced together under ertreme loads and the resulting bond- 

ing observed. 

samples in a roll ing d11 t o  same degree of deformation 

Milner's system involves the composite rolling of two 

area) under conditions i n  which the composites see area - ori& 
original area (* 

are not permitted t o  mve wi th  respect t o  each other. 

composite, a sample is cut such tha t  the resulting interfacial  strength 

From the rolled 

is tested as a pure shear specimen and the strength values compared t o  

a pure metal specimen or the pure weaker component of t he  composite. 

Again the surface cleanliness is of major importance; and, i n  

fact ,  it seems to  be a controlling factor in the hcp m e t a l  system. 

Generslly, the samples are coarse-wire brushed, brushed and held i n  an 

iner t  atmsphere or brushed end held i n  a vacuum (lod Torr) shortly 

before they enter the rolls. 

on aluminum at various demes of deformation are pzesented i n  Figure 

13. As the precautions t o  prevent recontamingtion of the brushed 

'Ibe resulting data for  a series of tests 
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surfaces are improved, the threshhold deformation for the onset of ad- 

hesion decreases. Recently, Rowe (62) indicated that this has been de- 

creased i n  an exceedingly good vscuum t o  about 2%. 

ThC mechanism of adhesion proposed by this group depends strongly 

on the interaction and behavior of the oxides formed by the msterials 

rather than on the larrterials thenselves. They suggeet that i f  the oxides 

juuctions W i l l  be f o m d  end the  junction will be stronger. The complex 

s l i p  system, of mgnesium and zinc tend t o  permit the breakup of the 

surface &des i n  a heterogeneous mauner, thus preventing metal-tal 
I 

jmctions f’rom fomdng which result i n  weaker composites. lherefbre, 

the only effect of the rolling is t o  expand the unit surface and unit  

oxide coating under conditions i n  which the oxide itself cannot expand, 

thus proeding clean metal-aretal coatact. In other words, an increase 

i n  deformation yields au incmase in strength as sham in Figure 14. 

The effect of temperature on euch a system ten& t6 decrease the re- 

quired threshhold deformrrtian except i n  the cases in which the oxide is 

soluble in  the m e t a l .  

creased bonding stmtngth occurs a% the higher temperatures. 

noted the relationship of bondability f r o m  m e t a l  t o  m e t a l  t o  the respec- 

t i v e  melting Mints .  

the poorer the bonding which was canfinfed by Sikorski. 

In  euch cases, (Pes Cu, Be, T i ,  etc.), an in- 

They also 

Generally, the more i m p w e  the bulk metal system, 

The most interesting results of the roll-bonding studiee, however, 

occurred when dissimilar =tal p a i r s  were  rolled as composites and tested 
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Figure 84 
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or subjected t o  a post-heat treatment and then tested. 

m e t a l  composites, Cd-Pes Fe-Pb, Cu-Pb, and Cu-Mo, w e r e  all subjected t o  

a deformation greater than 50% and the resulting Junction strengths ap- 

pmached a value near that of the weaker metal i n  all cases. 

direct ccmtrast t o  the observations of Sikorski and as we sha l l  see later 

t o  sane of our own obsematicns. 

gated included: Cu-EIi, Fe-Ni, and Mg-Cd. A t  75% deformation in the  Cudli 

system, the stren&h approached 80$ of th=t cf C’IZ zhih u 500°C post-heai; 

treatment increased the strength of the  junction t o  nearly tha t  of copper. 

However, a 1000°C post-beat treatment of the same system caused the 

junction strength t o  decrease t o  less than half its original value due t o  

the occurrence of diffusion porosity. The & - H i  samples also showed 

porosity with post-heat treatment. 

strength of only about ane half of t ha t  of Cd, w h i c h  remained constant 

even after a long duration heat treatment at  300°C, w h i c h  also caused 

extensive interdiff’usion across the interface. 

the original interface. 

The immiscible 

%is is in 

me fu l ly  miscible system investi- 

The Mg-Cd sample yielded a bond 

Fracture was always dong 

The part ia l ly  miscible system considered involved the Cu-Fe, Cu-Ag 

and A l a  systeme. 

weld and improved the i r  strength t o  that of t h e  weaker m e t a l  with post- 

heat treatmptnt. The Al-Zn system yielded a poor w e l d  and further weak- 

ened due t o  porosity upon diffusion i n  the post-heat treatment cycle. 

!be Cu-F’e and Cu-Ag systems provided a good cold 

Ibe systems Cu-Al, Fe-Al, Ca-Pb, Ag-AI, Al-Mg, and Fe4o all have 

strong intermetallic campounds in their respective phase system and 

when roll bonded proviclled high i n i t i a l  bond strengths. The post-heat 
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tmatment of these samples, however, resulted i n  bond strengths a l l  of 

w h i c h  approached zero, since the intermetallic compound was fonned and 

observed at the interface. 

E t a l l i c  compounds place them in the brit t le class of materials. 

!be mechanical strengths of most inter-  

In conclusion, we can now expand our list of metallic adhesion v d -  

ables to  include the chemistry of dissimilar contacts and the effects 

of temperature and diffusion on the interface.  

m-e r t p e  of =pcr;tst&-Jiza*iz 8 iii t'ie ad- 

hesion hem been suggested by several authom (63,64). H o w e v e r ,  recently 

Holden et al (65 )  observed that recrystsllizatian was not involved i n  

the adhesion of Au-Au or Ag-Ag i n  a series of tests which are quite 

unique and aught t o  be expanded upon. 

balance to measure the  normal end adhesion forces of eledmpolished Au 

Utilizing a very sensitive torsion 

and Ag needles on Au and Ag plates, 

equation: 

F 1/2 

where: 

respectively, they 

3: 
xo 
Fo = 

F =  
u =  
B =  
a =  
k =  
D v =  
T =  

radius of i n i t i a l  contact area 

breaking force at t i m e  zero 

breaking force at time (t) 
surface tension 
i n t e r a t d c  jump distance 
aspe r i ty  (needle) radius 
Boltzman constant 
se l f  diffusion coefflcient 
temperature 
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was representative of the system by ut i l iz ing the data from several ad- 

hesion runs t o  solve Equation (15) for = aud then comparing these data 

with thoae fmm otber self-difArsion evrinscnts. 

quite good. The general observations indicated that recrystallization 

did not exist but that  the interface beceme a grain boundary which mat- 

gFated toward its center of m a t u r e ,  i.e. the needle. 

The menren t  wes 

Before opening the discussion of the variables affecting metallic 

adhesiam, there are two -re sets of data which 0e-t to %e cnn~i!3ered 

since both of these bear directly on the effect of cleanliness of the 

surfaces i n  question. 

(66,671 were conducted i n  which two ultra-clean metallic surfaces were 

bm-t together under a mdnimum of normal force and presrmaably with very 

law tangential stresses, at room temperature. 

th& miscible metals would adhere and immiscible metals would not as 

A series of adhesion experiments i n  our laboratory 

me observations suggested- 

shorn in Table 111. 

TABLE I11 

Adhesion Results 

Adhesion 100 Adhesion 
Fe-A1 CU-MO 

m-Ag Ag-Mo 

Bi-Mo Ag-EIi 

Bi-Cu Ag-Fe 

me experiments were conducted under conditions similar to  those 

suggested by Farnsworth (5) i n  h i s  investigations of ultra-clean surfaces 

by low energy electron diffractian, that  is, the electropolished samples 

were mounted in a chamber, evacuated t o  loou Torr, argon ion cleaned, 
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electron beam annealed, re-evaluated t o  Torr, and tested. Although 

adhesion was obscured as a deflection of a Quartz rod and by SUf8Ct? 

=tal transfer as observed under a metallograph, no accurate fbr- ma- 

surements were made; thus, the qumtitative effects are unknown. 

fatitrely, a one t o  one ratio seeEd t o  flt the observatiam, e.g. 1 ep. 

force t o  make, one p a m  t o  break. 

Quali- 

Finally, l e t  us look at the  recent adhesion data presented by 

Bryant (681 on d e s  nnd ymh3tei  

clearege of mica in air and 

rIh%a un& calliaed +.he frrcee ~f 

Torr. The data for mica is shown in 

Table IV. 

TABLE IV 

Mica cleavage ( Bmant 

Second Qeavege UHV Torr) 8,900 
Third Cleavage UHV Torr) 8,800 
Fourth Cleavage UHV Torr) 8,620 

Second Cleavage i n  air 160 
Fi rs t  Cleavage i n  air 300 

A careful examination of Table IV provides an excellent guide l ine  i n  

the consideration of the p u r i t y  problem during adhesion and the ertreme 

effect of adsorbed lagers on the reversibil i ty of the system. Firstly, 

i n  this experiment, reversibility of atomic coincidence (crystal- 

log~aphic  alignment) was in all probability excellent, which -ant 

that  a large portion of the surface dipoles were i n  alignment and ad- 

hesion energy did not have t o  be cons\rmed i n  interfacial  s t ra in  of 

miaorientation. 
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Engineering studies of metal adhesion i n  vacuum throughout the past 

f e w  years have been reported i n  numeram government reports of which those 

due t o  the efforts of laticmal Reeesrch Corporatian (69)  end of HASA h a  

(70 )  are of particular interest i n  thrrt they further demonstrate the 

necessity of ultra-clean surfaces for  exact surface definitica, i f  a 

correlation of results is expxted. 

In sumarizing the evidence from the various experiments cited 

----- 
~ V I : ,  B t3e-c of’ cau%ion is suggested i n  that tine force required t o  

fracture an adhesian junction should not be conPused w i t h  t he  mechanism 

of formation of an adhesioa junction. 

particularly well i n  the work of Milner and Ruwe i n  which dissimilar 

couples, which formed intermetallic compounds, demonstrated strong ad- 

hesive bonds unt i l  subjected t o  heat. 

the subsequent formation of an interfacial  layer of intermetallic com- 

pound w h i c h  i n  turn is structurally weak and consequently a general 

collapse of the bonded system. Although the u t i l i z a t i o n  of such a me- 

chanism might prove valuable i n  certain friction system, the force of 

adhesion ( s t a t i c )  is large as opposed t o  the small  force required t o  

cause fracture. 

surface contaminants whether present pr ior  t o  the test or forming after 

the test due t o  the migration of impurities bo the interfacial area. 

This aspect is brought out 

The heat permitted diffusion and 

An extension of t h i s  interpretation is evident i n  

Returning again t o  the ideal system, it is  evident from the dis- 

cussion on physical and chemical. adhesion that the f’undemental constit- 

uents of the bodies i n  adhesian, i .e. the number of free electrons, i m i c  

size and the nature of the interatomic bonding, determine t h e  nature of 
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the forces between the respective bodies. Since these sam? constituents 

also control the crystal structure, elastic constants, plast ic i ty ,  

surface tension, ctc. (IS), it should not be surprising that the vs lwe  

of adhesion and adhesicm affected parameters (friction, etc.) when 

platted against these properties demonstrate a &-e of corre.latiar. 

The comelatian between atomic properties of  netals and the structure 

sensitive properties is  not usually simple, and, as a consequence, a 

simple relation inmld-ng a_ ncm+q*Slihx=it i ~ t e r f ~ e e  3e%een t.n such 

materials might be expected t o  be that  much nore remved. 

Since the results of cold working, radiation bombardment and ex- 

treme heating on materials, i n  general, produces on en atomic level 

the same effects, i.e. the creation of large numbers of dislocations, 

vacancies and i n t e r s t i t i a l  atoms which raises the energy level of the  

system at hand, one might expect tha t  the chemical processes cited i n  

the previous section would proceed w i t h  much mre rapidity while the 

pwsica l  forces would remain only slightly affected (cf. 11, discussion 

of temperature effects).  

yscmcies, diffusion would be permitted to pmceed with greater ease 

provided the activation energy (temperature) were available. 

sufficient energy were added t o  thoee metallic systems w h i c h  form im- 

miscible couples, adhesion would be expected 88 indicated fFolp their 

respective phase diagrmrm. 

W i t h  the presence of an increased number of 

If 
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. 

Throughout the past few years of metallic adhesion research, con- 

riderable effort has been expended in the development of a force trrrrrrfer 

mechanism t h a t  allovs accurate, reversible contact force measurements 

between atomically Clem solid surfaces i n  ultra-high vacuum. As a con- 

sequence of these ef for t s  a system has been developed i n  th i s  leboratorf 

- 

- --- - ~ -  - - > ,  ~ - - _-I__ 

wbich Will provide these requirements at  a force level of accuracy 

(1 part in 9 0 )  and a load level ( 5  g m )  

s t a t i c  vacuum techniques i n  use currently in t h i s  laboratory. 

-____I_--.. 

which is cccsiste~t %rith the - ---.-- 
The system 

consists of a ten inch torsion balance supported at the center by a 3 mil 

tungsten wire affixed t o  t w o  3/16" stainless steel support arm. One 

end of the torsion beam contains the sample indenter for  adhesion test 

with a plate specimen f i x e d  t o  some outside support, i.e. beam support 

arms. The opposite end of the torsion beam supports a magnet slug 

affixed t o  the beam and one end of a 6" strgght wire s t ra in  gauge 

(0.95 mil) element. The free end of the s t ra in  gauge wire is attached 

t o  a second msgnetic slug. The glass vacuum cell is  constructed such 

that both magnetic slugs are near the w a l l s  and may be interacted upon 

by magnetic solenoids outside of the system. The f ie ld  interacting 

w i t h  the  slug mounted on the torsion beam is uti l ized t o  position the 

rigid beam such that the indenter sample is almost i n  contact with the 

fixed plate sample. Once this is accomplished a force is applied t o  the 

second magnetic slug suspended at  the end of the s t ra in  gauge wire, such 

t ha t  the magnetic l ines  of force of the positioning m e t  are sheared 

and the r ig id  torsion beam mpes the indenter into contact with the Fixed 
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sample plate. After contact is achieved any additional force applied t o  

the s t d n  g q  m e t  is  applied directly t o  the indenter-mnuple 

JrmCtiocl w i t h  the statics necessarg to describe the lever MB actiar. 

Contact forces up t o  5 grns have been observed w i t h  a force resolution of 

f 5 ays. In order to meas- the force of adhesion for  the system the 
I____"- - -IC 

current in the s t ra in  ~ ~ u g e  solenoid is reduced un t i l  the contact breaks. 

This is possible since the magnetic force of alignment i s  greater than 
~ _ _  -.._ _ _ ^ _  -_ -_ 

exactly equal t o  that required t o  break contact, no adhesion w a s  involved 

i n  the system. 

vacuum. 

University.) 

The system has been shown reproducible i n  air and i n  -_ -- 

( ~ t u ~  of electr ical  contacts for  Saudis COW. at Syracuse 
_-  - 

Rro such systems are presently in  construction for the 

exadnation of the effect  of composition and temperature on adhesica. 

A sqcond system has been designed and is i n  the early stages of cun- 

structica, which is expected t o  shed some light on the nature of the 

ppYsical _adhesion forces between clean *tal surfaces. 

the previous section the only conclusive physical adhesion results, 

--L. __.___ 
As indicated i n  . " "  . I _- --. _- 

w h i c h  are available, are those for the Quartz-&Uartz system i n  that the 

chromium, chrondum-steel systems, i n  poor vacuum, yielded very high 

values at large distances and aluminum yielded repulsim. Since these 

data do not permit conclusions and an estimate of the magnitude of these 

forces seems pertinent t o  a complete adhesion analysis, an experiment 

was developed. In effect ,  the forces of attraction between an aluminum 

plate  (containing a freshly condensed aluminum film) and tm indenter Will 

be measured on a C a b  electlobalance mounted i n  the vacuum system. Since 
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the Cahn balance is always maintained at a balance point due t o  en 

electric field on the torsion balance itself and the force, o r  m88, 

applied t o  ow ann ia proportional t o  that f ie ld ,  aqy change i n  m w i  in 

the sanqple aaa~' be recorded on m external electronic recorder without 

an added chenge i n  posit ion of the sample. 

deposited aluminum) will be brought into contact with that mounted on 

the balance by linearly changing the  temperature of a bimetallic s t r i p  

support. 

the change i n  force (balance) vs time recording of the balance can be 

Ihe second surface (freshly 

If the approach t o  cants&. can hp sss*-5 X h e s r  ai3 5s h m m ,  

'standardized. !IBe various components of this  apparatus are i n  the last  

stages of comple!tioa. 

available t o  this pmdect, which w i l l  pennit a determination of the 

effect of sorbed p e a  on pbysical adhesion). 

(mote: a General Electric mass a n e z e r  is now 

3 


